Enhancement of evanescent waves inside media with extreme optical anisotropy 
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Significant enhancement of evanescent spatial harmonics inside the slabs of media with extreme 
optical anisotropy is revealed. This phenomenon results from the pumping of standing waves and 
has the feature of being weakly sensitive to the material losses. Such characteristics may enable 
subwavelength imaging at considerable distances away from the objects. 
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Modern nanofabrication techniques have brought ma- 
jor breakthroughs in the area of photonics and nanotech- 
nology and make it possible to manufacture structures 
with details less than a few nanometers. Such advances 
in manufacturing technology lead to further miniaturiza- 
tion of optical systems and stimulate increasing interest 
in the development of devices capable of manipulating 
electromagnetic waves at the subwavelength scale: e.g. 
optical waveguides with their cross-sections much smaller 
than the wavelength, structures enabling nanoscale con- 
centration of light, superlenses with resolutions below the 
diffraction limit, etc. All these devices are capable of 
manipulating the near fields and they dramatically dif- 
fer from conventional optical components that mostly 
deal with the propagating waves. In this letter we re- 
port a novel means to enhance evanescent waves which 
can overcome a major constraint of optical near field de- 
vices suffering from the rapid spatial decay of evanescent 
harmonics. One possible application is the performance 
improvement of near-field scanning optical microscopy. 
Currently, this technique suffers from the limitation that 
the objects of interest have to be located close enough to 
the probe of the scanner, otherwise, the near field of the 
object which contains subwavelength details will be too 
weak to be detected. The use of the proposed evanes- 
cent wave enhancement effect will allow the near-field 
scanners to operate with the objects located at signifi- 
cant distances. This important advance opens the door 
to a variety of possible applications, including the case 
when physical access to the near field region of an ob- 
ject is not feasible. For example, sub-surface capillary 
vessels in biological systems can potentially be accessed 
using non-pervasive methods by exploiting the near-field 
of light. 

It is known that evanescent waves can be enhanced by 
the use of resonant excitation of surface plasmons. Thin 
slabs of noble metals can "amplify" evanescent harmonics 
within frequency ranges of their plasmonic resonances [1]. 
Theoretically, significant "amplification" can be provided 
by slabs of metamaterials with negative permittivity and 
permeability, also known as perfect lenses [2]. However, 
the practical application of the perfect lens concept has 
been stalled by the limitations of loss and bandwidth [3] 



and the creation of metamaterials in the optical domain 
remains a major challenge [4]. In this letter, we propose 
a conceptually different approach to enable the signifi- 
cant enhancement of evanescent harmonics. Its principle 
is based on pumping of standing waves inside a slab of 
extremely anisotropic medium and features weak sensi- 
tivity to material losses. 

Let us consider an uniaxial dielectric medium with per- 
mittivity dyadic of the form: 
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The dispersion equation for extraordinary waves in such 
medium reads: 
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where kx^ky^ kz are the components of wave vector k, uj 
is the frequency of operation and c is the speed of light 
in the vacuum. 

If the medium has extreme optical anisotropy, that 
means \exx\ ^ e, then (2) has the following solution: 

kx = ±V^— and ky, kz are arbitrary. (3) 

Therefore, all extraordinary waves of the medium with 
extreme optical anisotropy are dispersionless: they travel 
ultimately along the direction of anisotropy with a fixed 
phase velocity irrespectively of their transverse variation. 
Note, that Cxx must not necessarily be real. It can be a 
complex number with a large absolute value. The imag- 
inary part of Cxx representing losses has no influence on 
the properties of waves in the medium. 

Basically, a whole class of dielectrics with extreme op- 
tical anisotropy can be accurately described by permit- 
tivity dyadic in the form 




(4) 



The infinite value appearing in (4) should not be treated 
as something exceptional or unusual. The corresponding 
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material relations read diS = 0, Dy = sEy and Dz = 
sEz. This actually means that the medium is perfectly 
conducting along x-direction. 

The latter fact gives a hint how media with extreme 
optical anisotropy can be created artificially. An array of 
parallel metallic wires, also known as a wire medium [5], 
will provide necessary properties at frequencies up to the 
infrared band [6]. In the visible frequency range, one of 
the options may be a layered-metal dielectric structure 
[7] which has an effective permittivity in the form (4). 

Let a slab with thickness d of medium with extreme 
optical anisotropy in a direction perpendicular to the in- 
terfaces be excited by an obliquely incident p-polarized 
plane wave with the tangential component of the wave 
vector kt. The time dependence is e"*'^^. The total mag- 
netic field can be written in the form: 



H{x) = Hi I 



j^^iV^kx ^ Q^-i^kx^ 0<x<d (5) 



r^^iy/k^-k^X-d)^ X > 6^, 



where x is the coordinate along anisotropy axis, k is the 
wave number of free space. Hi is the amplitude of the 
incident wave, R and T are the refiection and transmis- 
sion coefficients, A and B are the amplitudes of waves 
inside of the slab traveling in forward and backward di- 
rections, respectively. The values of these coefficients can 
be easily obtained by matching boundary conditions at 
the interfaces: 
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where 




If the thickness of the slab fulfills the Fabry-Perot res- 
onance condition ^/£kd = utt then 



R = 0, 



B 



T= (-1)". 



device: it does not produce any refiections and perfectly 
transmits arbitrary field distributions from the front- to 
back-interface. This occurs since in the case of media 
with extreme optical anisotropy the Fabry-Perot condi- 
tion is verified simultaneously for all spatial harmonics. 
This extraordinary property is justified by the fact that 
all waves travel across the slab with the fixed phase ve- 
locity irrespectively of their transverse wave vectors (3). 
Thus, the total electrical length of the slab remains the 
same for all possible angles of incidence. 

The effect is observed in the slabs with their thick- 
nesses equal to an integer number of half- wavelengths. 
In the next part of the letter, for simplicity, we only con- 
sider slabs of a half- wavelength thickness: d = \/{2^/£). 

The magnetic field distribution inside the slab can be 
written in the following form 



H{x) = H, 



cos{^/ekx) + iy/e\l ^ ~ ^ sin{^/ekx) 



(6) 

For the evanescent part of spatial spectrum {\kt\ > k) 
this distribution has the form of a standing wave with 
amphtude 



fc2 
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This amplitude is a growing function of kt. For high 
spatial harmonics {kt ^ k) it has a nearly linear depen- 
dence Hm ^ ^/ektjk. This means the higher kt is, the 
more rapidly the evanescent wave decays and the higher 
amplitude of standing wave is excited inside the slab. 
This fact is illustrated in Fig. 1. 




FIG. 1: (Color online) Distributions of magnetic field 
around and inside of a slab of medium with extreme optical 
anisotropy excited by evanescent waves with various values of 
the tangential component of the wave vector kt. 



Note, that under this condition the slab operates in 
the canalization regime [7-10] as a perfect transmission 



Effectively, this phenomenon can be treated as an in- 
crease in the amplitude of the evanescent wave. Such an 
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enhancement is observed only inside the slab, but not 
outside as in alternative configurations with slabs of ma- 
terials with negative material parameters [1, 2]. In order 
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FIG. 2: (Color online) Comparison of absolute values of trans- 
mission characteristics of slabs formed (a) by metamaterial 
with e — fi — —1 (A/15 thick) and (b) by medium with ex- 
treme optical anisotropy as functions of transverse wave vec- 
tor kt and their efficiency to compensate decay of evanescent 
waves in a A/15 thick slab of free space. 

to further compare the enhancement capabilities of these 
two alternative approaches, the transmission coefficients 
for slabs formed by a medium with e = ji = —1 and by 
a medium with extreme optical anisotropy are presented 
in Fig. 2 as functions of transverse wave vector. In the 
case of metamaterial slab, the coefficient describes the 
transmission from the front- to back-interface. Whereas, 
for the slab of medium with extreme optical anisotropy 
the transmission coefficient is calculated from the front- 
interface to the central plane. According to (6) it is equal 
to: 



T{d/2) 
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The growing exponential and nearly linear dependencies 
for transmission coefficients under comparison are clearly 
visible in Fig. 2. The slab of metamaterial is chosen to 
have a thickness equal to A/ 15 which is able to com- 
pletely compensate for the decay of evanescent waves 
in free space at a A/15 distance. In the case of slab 
formed by medium with extreme optical anisotropy, the 
total transmission coefficient does not equal to unity for 
any transverse wave vector in contrast to the previous 
case. Essentially, this occurs since the linear enhance- 
ment can not completely compensate the exponential de- 
cay of evanescent waves. However, this enhancement sig- 
nificantly improves transmission characteristic of the free 
space slab. Therefore, the slabs of media with extreme 



optical anisotropy can be successfully used for subwave- 
length imaging purposes. 

The proposed imaging technique can be viewed as an 
improvement of the canalization regime [7-10] which en- 
ables a transmission of images with subwavelength reso- 
lution from the front- to back-interface of a slab formed 
by medium with extreme optical anisotropy. Without 
any change in the structure, the imaging device can op- 
erate with sources located at certain distance from the 
slab, but the image in this case has to be detected inside 
the medium. 

The imaging devices are not perfect by any means since 
they introduce certain distortions because their transmis- 
sion coefficient is not equal to unity for the entire spec- 
trum of spatial harmonics. However, the form of this 
distortion is known: it is given by formula (8). Thus, the 
distorted image captured inside of the proposed device 
can be processed and the original distribution can be re- 
stored. For this purpose, it is enough to expand the image 
into spatial spectrum using a 2D Fourier transform, to di- 
vide it by the transmission coefficient and to perform an 
inverse 2D Fourier transform. Within the range of spatial 
frequencies corresponding to large enough transmission, 
this procedure leads to perfect restoration of the spec- 
trum of the original image. The remainder of the spatial 
information has to be filtered since the division by small 
transmission coefficient leads to significant enhancement 
of signal to noise ratio. 

In conclusion, the phenomenon of evanescent waves en- 
hancement originated from resonant pumping of standing 
waves is observed inside the slabs of media with extreme 
optical anisotropy. This enables subwavelength imaging 
of objects placed at considerable distances away from the 
slab. 
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